Climate change is projected to alter river flows and the magnitude/frequency characteristics of floods and droughts. Ecosystem-based adaptation highlights the interdependence of human and natural systems, and the potential to buffer the impacts of climate change by maintaining functioning ecosystems that continue to provide multiple societal benefits. Natural flood management (NFM), emphasising the restoration of innate hydrological pathways, provides important regulating services in relation to both runoff rates and water quality and is heralded as a potentially important climate change adaptation strategy. This paper draws together 25 NFM schemes, providing a meta-analysis of hydrological performance along with a wider consideration of their net (dis) benefits. Increasing woodland coverage, whilst positively linked to peak flow reduction (more pronounced for low magnitude events), biodiversity and carbon storage, can adversely impact other provisioning serviceespecially food production. Similarly, reversing historical land drainage operations appears to have mixed impacts on flood alleviation, carbon sequestration and water quality depending on landscape setting and local catchment characteristics. Wetlands and floodplain restoration strategies typically have fewer disbenefits and provide improvements for regulating and supporting services. It is concluded that future NFM proposals should be framed as ecosystem-based assessments, with trade-offs considered on a case-by-case basis.
INTRODUCTION
The global climate is expected to change at a rate unprecedented in human history, as exemplified by rising sea levels, glacial retreat, changing precipitation patterns and an increasing frequency of extreme weather events (Kiehl ) . Evidence for these changes, which include both short-term climatic variability and longer term trends, underpins the need for a twin-track response, involving both mitigation and adaptation strategies (Perez et al. ) . With regard to adaptation, the primary goal is reduced exposure to natural hazards such as flooding whilst increasing human resilience to hazard-related events from the local scale upwards (Tschakert & Dietrich ) . Evidence increasingly demonstrates that local flood risk must be viewed as non-stationary. Risks vary in direct response to changing hydroclimatic drivers but also to indirect controls on runoff generation and flow routing as a consequence of catchment land use changes and hydromorphological alterations to the channel network (Werritty et al. ) .
Traditional approaches to flood control have emphasised 'hard' engineering 'solutions', mainly centred around protection of high value infrastructure, but also more widely emplaced to defend agricultural production on drained wetlands and floodplains. These schemes often have significant environmental impacts because they disrupt natural flow and storage processes. Moreover, whilst engineered strategies are generally designed to provide protection for specific flood levels (with inferred recurrence intervals), conditions requires upgrading (potentially repeatedly) with attendant economic, social and environmental costs. Thus there is a pressing need to develop improved adaptation strategies centred on sustainable natural resources and for catchment land-based flood management measures promoting greater resilience against the anticipated increased frequency of extreme events (Heller & Zavaleta ; Campbell et al. ) .
Ecosystem based Adaptation (EbA) is an emerging paradigm for managing natural resources under increasingly variable and perturbed climatic conditions. As an approach it includes 'soft' and 'hard' responses in the form of targeted ecosystem conservation, management and restoration actions ( Jones et al. ) . EbA therefore aims to enhance the natural dynamic and resilient properties of ecosystems to buffer the adverse impacts of climate change and therefore reduce human vulnerability (Colls et al. ) . The need for interdisciplinary perspectives, including social science, in adaptation planning was emphasised by Heller & Zavaleta () . In particular, EbA recognises that future change is intrinsically uncertain due to climate change and associated pressures (e.g. spread of invasive species), and that the most effective strategies to reduce risk therefore include measures to improve system resilience rather than being predicated on a particular outcome.
The focus in this paper is to assess the utility of EbA as a framework for guiding natural flood management (NFM) strategies. NFM is widely recognised as an option to reduce flooding whilst achieving multiple benefits throughout the catchment and is rising rapidly up the policy agenda across Europe because of its potential to buffer the effects of climate change (Wheater et al. ) . Traditional hard (and indeed soft) engineering solutions are generally location specific measures applied to protect social and infrastructural assets at risk of flooding. These measures are designed to provide protection for certain flood events under assumed stationarity in magnitude/frequency relations (Figure 1(a) ). Clearly, they become less effective, i.e. risks increase, under non-stationary conditions symptomatic of climate change (Figure 1(b) ). By comparison, the introduction of NFM measures potentially provides greater adaptive capacity to negate climate change by re-naturalising flows or at least provides a buffer against subsequent regime changes (Figures 1(c) and (d) ). However, the performance of NFM will ultimately be dependent on specific site conditions, inclusive of landscape setting, catchment characteristics, the degree of hydromorphological alteration and the extent and appropriateness of the different measures adopted. Performance will also evolve or mature over time, meaning that flood risk should be constrained within an envelope of possible outcomes (Figure 1(d)) rather than based upon a specific deterministic outcome. NFM involves the utilisation or restoration of 'natural' land cover and channel-floodplain features within catchments in order to increase the time to peak and reduce the height of the flood wave downstream (Environment Agency ). This may involve altering multiple elements of a catchment water balance by promoting interception, infiltration and groundwater storage, enhancing water losses through evapotranspiration, lengthening hydrological pathways and increasing flow resistance. In terms of scale, NFM measures are typically evaluated at the catchment scale, consistent with concepts of whole-system planning (Figure 2(a) ), though specific actions may be more local, depending on catchment size, levels of stakeholder acceptance and governance arrangements. Figure 2 (b) seeks to show, at least in a qualitative way, the relative differences in the invested capital and net benefits of different flood control strategies, illustrating that costs are typically highest in relation to hard-engineering infrastructure protection. NFM schemes, and more systemically EbA, capitalise on the regulating services of natural systems in terms of flow regulation and flood control but can also realise significantly greater co-benefits. Hence the benefit-to-cost ratio is potentially much more favourable for these schemes, as would be represented in a total economic evaluation, although rarely accounted for in conventional assessments. On the other hand, while engineering schemes provide increased flood protection from the day of completion, NFM schemes generally involve a lag time to establish. NFM performance also tends to be less certain because comparable interventions on different hillslope, channel, wetland or floodplain features can produce complex and dynamic response and divergent outcomes at the catchment scale in relation to runoff and sediment production 
METHODS
The evaluation framework for the current study was drawn from the UK National Ecosystem Assessment (NEA). This is The case-study catchments differed greatly in size, spanning four orders of magnitude from 10,000 km 2 to under 1 km 2 (see Table 1 ). Two alternative methods were used to assess the effectiveness of different NFM proposals: (i) hydrologic and hydraulic modelling exercises to assess flood attenuation potential and (ii) direct monitoring. The variation in scale and lack of consistency in assessment 
PERFORMANCE OF NFM MEASURES
The performance of the NFM measures was presented in the original studies in different ways: (i) as flood peak reduction for different flood event return periods (e.g. 1, 2, 25, 50, 100 years), (ii) as increase in time to peak or (iii) as a decrease in annual probability of flood risk for the area (see Table 2 ).
Baseline and catchment data were also presented in a wide flood peak reduction in terms of envelope ranges we have used the mean or mid-range value for reduction performance.
The role of catchment size was also investigated.
The relationships between afforestation extent and flood peak attenuation for two return period groups is shown in Across the magnitude-frequency range shown in Figure 4 afforestation is shown to deliver 'benefits' in terms of flood attenuation, especially in those catchments where woodland cover was initially low. However, the results also clearly point to threshold conditions in the full continuum of events beyond which NFM and ultimately hard engineered solutions will be overwhelmed and extensive flood damage is inevitable.
Recent analysis has also established that NFM cannot be universally considered as a 'no regret' measure (i.e. benefits will exceed costs in all circumstances) in adaptation terms.
Odoni & Lane () demonstrated that NFM can in certain circumstances synchronise previously de-coupled sub-basin flood peaks and consequently aggravate downstream flooding problems. This further highlights that NFM measures are more effective in some locations than others. Deciding the best location for NFM measure implementation can be rather complex and will generally require detailed modelling and good calibration data similar to hard engineering schemes.
ECOSYSTEM SERVICE ASSESSMENT
The ecosystem approach provides a framework for evaluating NFM options both in terms of their primary goal of catchment runoff control, but also more systemically in relation to ecosystem function and the delivery of wider goods and services. NFM targets, such as reducing flood peak height and extending time to peak, are examples of response metrics resulting from specific land management interventions. Here the related (direct and indirect) consequences are assessed for different groups of ESS using scores ranging from 'significantly adverse' to 'significantly positive' impacts ( and their performance for small and large events (labels refer to catchments in Table 1 ). Combined with higher rates of interception and evapotranspiration it results in reduced runoff and sediment production, the effectiveness of which diminishes as storm intensity increases (Calder ) . Over time biogeochemical cycling dynamics changed, promoting greater carbon sequestration and reduced nutrient efflux (subject to woodland species composition), with the potential to significantly augment biodiversity and soil and water quality Therefore, although lowering local water tables on the land can improve grazing potential and stocking capacity, reference to the ESS framework suggests that these benefits may come at the expense of increased erosion and carbon loss in organic-rich upland soils. Water quality also typically declines due to increased colour and higher sediment-associated nutrient fluxes (Table 4) . and aquatic ecosystems will lead to alterations of nutrient inputs, changes in micro-climate and contribution of organic matter to the stream and floodplain, and retention of inputs (Gregory et al. ) . The change may therefore provide benefits such as 'Climate regulation' and 'Biodiversity' outside the afforested area.
To date the ESS assessment has not explicitly considered the significance of a non-stationary climate.
However, it is acknowledged that climate changes, expressed in terms of systemic trends (e.g. warmer/wetter winters, hotter/drier summers, increased variability and changing magnitude/frequency of events) will also play out in relation to runoff and water quality effects (reflecting altered biogeochemical processes) and land management choices driven by dynamic policy influences.
Moving forward the selection of NFM strategies should consider both local catchment and wider exposure to cli- has the potential to achieve greater benefits in relation to nationally significant issues such as biodiversity and food production (Hein et al. ) .
A key point to be emphasised is the evolutionary nature of NFM measures and the lag times in relation to consequent effects on runoff response, which should therefore be considered in NFM planning. This relationship is dynamic and susceptible to change over time. Similarly, the relationship between the NFM measure and the co-benefits for ESS is dynamic, and there are often significant time lags to be considered particularly for the other regulating services in addition to flow regulation (e.g. C sequestration, water quality). For example as forest systems mature they have an increasingly strong effect on the environment around them, and their benefit for some of the ESS will increase with time, for example, carbon storage (Andréassian ). 
